ABSTRACT Rechargeable lithium ion batteries are important energy storage devices; however, the specific energy of existing lithium ion batteries is still insufficient for many applications due to the limited specific charge capacity of the electrode materials. The recent development of sulfur/mesoporous carbon nanocomposite cathodes represents a particularly exciting advance, but in full battery cells, sulfur-based cathodes have to be paired with metallic lithium anodes as the lithium source, which can result in serious safety issues. Here we report a novel lithium metal-free battery consisting of a Li 2 S/mesoporous carbon composite cathode and a silicon nanowire anode. This new battery yields a theoretical specific energy of 1550 Wh kg -1 , which is four times that of the theoretical specific energy of existing lithium-ion batteries based on LiCoO 2 cathodes and graphite anodes (∼410 Wh kg -1 ). The nanostructured design of both electrodes assists in overcoming the issues associated with using sulfur compounds and silicon in lithium-ion batteries, including poor electrical conductivity, significant structural changes, and volume expansion. We have experimentally realized an initial discharge specific energy of 630 Wh kg -1 based on the mass of the active electrode materials.
R echargeable batteries are critical power sources for mobile applications such as portable electronics and electric vehicles. However, the specific energy of existing lithium ion batteries is still insufficient for many applications due to the limited specific charge capacity of the electrode materials. [1] [2] [3] [4] [5] [6] Despite significant progress in the development of high capacity anodes such as Si nanostructures, [7] [8] [9] [10] [11] the relatively low charge capacity of cathodes remains the limiting factor preventing higher energy density. Current cathode materials, such as those based on transition metal oxides and phosphates, have an inherent theoretical capacity limit of ∼300 mAh g -1 , and a maximum practically usable capacity of only ∼210 mAh g -1 has been reported. 3, 6, 12 The lithium/sulfur system, which during the redox process behaves according to the reaction 2Li + S -> Li 2 S, has the potential to overcome these capacity limitations. Although the system has an average voltage of ∼2.2 V vs Li/Li + (about 60% of the voltage of conventional Li-ion batteries), the theoretical capacity of sulfur is 1672 mAh g -1 , which leads to a theoretical specific energy of ∼2600 Wh kg -1 for the lithium/sulfur battery. 2, 13 However, sulfur-based cathodes present a variety of problems, including low electronic conductivity, significant structural and volumetric changes during reaction, and dissolution of lithium polysulfides in the electrolyte. Much effort has been dedicated to improving this system, including the development of electrode coatings, 14 conductive additives, 6, [15] [16] [17] and novel electrolytes. 18, 19 Recently, cells utilizing a sulfur/mesoporous carbon nanocomposite exhibited capacity exceeding 1000 mAh g -1 and moderate cycle life. 6 Despite these advances, the use of elemental lithium as the anode in lithium/sulfur batteries remains a major problem due to safety concerns arising from the formation of lithium dendrites during cycling, which can penetrate the separator and lead to thermal runaway. Even though much research has been dedicated to solving this problem, an elemental lithium anode has not yet been commercialized for use in secondary batteries with a liquid electrolyte. 20 One way to avoid this safety issue in the lithium/sulfur system is to use a high-capacity anode material other than elemental lithium while replacing sulfur in the cathode with its lithiated counterpart, lithium sulfide (Li 2 S). Li 2 S has a theoretical capacity of 1166 mAh g -1 , but its poor electronic conductivity restricts its actual capacity to much lower values that are not competitive with current commercial cathode materials. 21, 22 Metal additives have been employed to enhance the conductivity of Li 2 S-based cathodes with limited success. These experiments have mainly tested low-rate behavior 21, 23 or have been based on very thin films. 22 The metal additives also alter the nature of the reaction, which results in a lower output voltage. 22, 23 Moreover, a suitable anode with high capacity and low potential, which is crucial for achieving high specific energy, has not been demonstrated for a Li 2 S-based cathode. In this study, we propose a novel nanostructured rechargeable battery consisting of a Li 2 S/mesoporous carbon cathode and a silicon nanowire anode. Figure 1a is a schematic showing the structure of this new Li 2 S/Si battery. The cathode is comprised of a nanocompos-ite in which Li 2 S fills the pores of CMK-3 mesoporous carbon particles. CMK-3 carbon is made up of hexagonally arranged 7-8 nm thick carbon nanorods separated by 3-4 nm pores. 24 A previous study has shown that sulfur/CMK-3 composites exhibit good cycling behavior in lithium/sulfur batteries by partially confining readily dissolved lithium polysulfides formed during redox reactions within the mesoporous structure. 6 In addition, the interconnected carbon rods act as conductive pathways to provide electronic access to insulating Li 2 S within the pores, while the submicrometer size of the carbon particles helps to shorten lithium diffusion paths. As a result, the problems associated with the slow kinetics of Li 2 S-based cathodes can be solved. In the present case, the mesoporous carbon performs a similar role, although our new development is to use lithiated sulfur (Li 2 S) as the starting active material in the cathode instead of sulfur. The anode shown in Figure 1a consists of silicon nanowires; silicon has a theoretical capacity of 4212 mAh g -1 and a low equilibrium potential of ∼0.3 V versus Li/Li + . Previous work from our group has shown that silicon nanowires can undergo the requisite 400% volume change upon insertion and extraction of lithium without pulverization or significant capacity fading over a number of cycles, which has plagued many previous silicon-based electrodes; furthermore, silicon anodes with a practical capacity of 2000 mAh g -1 and long cycle life have been fabricated. 7, 8 In this report, we will demonstrate the successful coupling of silicon nanowire anodes with Li 2 S-mesoporous carbon cathodes to attain high specific energy for the full battery cells. Figure 1b compares the theoretical specific energy of our Li 2 S/Si battery with other types of Li-ion batteries. The theoretical specific energy is based on the theoretical capacity of the active materials in both electrodes and their voltage difference (see Supporting Information for more details). The Li 2 S/Si battery has a theoretical specific energy of 1550 Wh kg -1 , which is four times that of the LiCoO 2 /graphite or LiFePO 4 /graphite systems. This value is also 60% higher than the theoretical limit of mixed-layer oxide/silicon batteries.
To fabricate the Li 2 S/mesoporous carbon nanocomposite cathode, ordered CMK-3 mesoporous carbon is first synthesized from a mesoporous silica template. CMK-3 has a uniform pore diameter of 3-4 nm, large pore volume (∼1.0-1.5 cm 3 g -1 ), and an interconnected pore structure that provides a conductive backbone for electron transfer. Sulfur is mixed with CMK-3 and made to diffuse into the pores by heating to 155°C, where liquid sulfur has the lowest viscosity. 25 Since sulfur wets carbon well, the pores of mesoporous carbon are readily filled with sulfur due to the action of capillary forces. An electrode film is made from the sulfur/CMK-3 composite and then trapped sulfur is converted to lithium sulfide through a reaction with nbutyllithium. For the fabrication of the anode, silicon nanowires are grown on a stainless steel substrate using the wellknown vapor-liquid-solid (VLS) method with silane gas as the precursor. 7, 26 Next, an anode and a cathode with matched capacity are assembled in a pouch cell for electrochemical testing. The detailed fabrication process is described in the Supporting Information.
Transmission electron microscopy (TEM) was employed to analyze the composition and morphology of the asprepared Li 2 S/CMK-3 nanocomposite. Figure 2a shows a bright field image of a nanocomposite particle. The typical size of these particles is on the order of 0.5-1 µm. Selected area electron diffraction (Figure 2a inset) reveals no diffraction spots from the nanocomposite particle, indicating either that the lithiated sulfur is amorphous or the crystallite size is too small to generate diffraction spots due to the sub-5 nm pore size of the mesoporous carbon. Figure 2b ,c displays , which is a value that corresponds to extracting about half the lithium from the structure; 34 further extraction has been shown to compromise structural stability and cycle life.
the corresponding elemental maps of carbon and sulfur obtained by energy-dispersive X-ray spectroscopy (EDS). Lithium is not included since it is a light element that cannot be identified with EDS. These elemental maps show that the element sulfur is distributed uniformly inside the mesoporous carbon matrix and that there is not a significant portion of sulfur on the surface, which is confirmed by superimposing the two elemental maps together (Figure 2d ).
Scanning electron microscopy (SEM) characterization also supports this conclusion. No obvious change in the morphology or size of the sulfur/CMK-3 nanocomposite particles is observed after lithiation, which indicates formation of Li 2 S within the pores of the CMK-3 particles ( Figure S1 in the Supporting Information). However, the surface is visibly rougher, suggesting a small amount of Li 2 S coating on the particles. This is likely due to the dissolution of sulfur in hexane during the lithiation process.
To further understand the composition and structure of the Li 2 S/CMK-3 nanocomposite particles, X-ray diffraction (XRD) is used, as exhibited in Figure 3 . Figure 3a shows a scan of a mixture of sulfur and CMK-3 particles before heating, and sulfur peaks are clearly present. These peaks disappear after heating because sulfur diffuses into the nanometer-sized pores of the mesoporous carbon ( Figure  3b ), which is in agreement with previous work. 6 After sulfur is lithiated by reaction with n-butyllithium, no peaks belonging to Li 2 S or sulfur are present (Figure 3c ). To verify that Li 2 S is formed, sulfur was also lithiated inside macroporous carbon, which has larger pores (200-300 nm) than mesoporous carbon; these larger pores allow for the formation of Li 2 S crystals that are large enough for detection with XRD. Figure 3d shows a diffraction scan of lithiated sulfur inside macroporous carbon, and as expected, Li 2 S peaks are clearly evident. We believe that Li 2 S is also present in lithiated sulfur/CMK-3 mesoporous carbon, but the sub-5 nm pores in the mesoporous carbon diminish the Li 2 S diffraction peaks by limiting the crystallite size to a few nanometers. These results are consistent with TEM and SEM observations and also suggest that Li 2 S is trapped inside the mesoporous carbon after lithiation.
To understand the electrochemical behavior of the Li 2 S/ mesoporous carbon cathode, half-cells with lithium foil as the counter electrode were tested. Figure 4a shows the voltage profile of a Li 2 S/CMK-3 mesoporous carbon cathode half-cell. The first discharge capacity of the Li 2 S/ mesoporous carbon cathode reaches 573 mAh g -1 (all capacity calculations are based on the mass of Li 2 S, not sulfur). As a result, about 50% of the theoretical capacity is achieved, which is better than values in some reports of lithium/sulfur batteries. 5, 15, 27, 28 Figure S2 in the Supporting Information displays the first cycle voltage profiles of this Li 2 S/mesoporous carbon cathode and a cathode made from Li 2 S powder (∼500 nm in size), both of which contain the same fraction of Li 2 S. Comparison of the charge profiles of the two electrodes reveals a similar electrochemical signature, which further indicates that the starting product in the CMK-3 composite electrode is Li 2 S. In addition, the Li 2 S/mesoporous carbon electrode exhib- its an order of magnitude higher capacity than the Li 2 S powder electrode, which demonstrates the significantly improved kinetics resulting from the rational design of the Li 2 S/mesoporous carbon particles.
It is evident from the voltage profile shown in Figure 4a that the first charge is different than subsequent charges. The first charge voltage is higher and shows a clear phase nucleation barrier at the onset of charging, while the voltage profile of the following charge/discharge cycles is similar to that of typical lithium/sulfur batteries as reported in other works; the upper plateau corresponds to the redox reaction of high-order polysulfides (Li 2 S x , 4 e x e 8), and the lower plateau is due to the reaction of low-order sulfides (Li 2 S 2 and Li 2 S). 13, 29 These observations might be attributed to the fact that before cycling, the only electrochemically active phase in the cathode is Li 2 S, which is different from that in lithium/ sulfur batteries. At the beginning of charge in lithium/sulfur batteries, the cathode contains a mixture of Li 2 S and lithium polysulfides; these polysulfides improve the kinetic behavior of the cathode. Nevertheless, the difference in potential of only ∼200 mV between the first charge and subsequent charges, as shown in Figure 4a , further demonstrates the substantially enhanced kinetics of Li 2 S resulting from its incorporation in the mesoporous carbon nanocomposite. Figure 4b shows the discharge capacity over a number of cycles for the Li 2 S cathode. The first discharge capacity is 573 mAh g -1 , and the capacity is stabilized after five cycles. We believe that further improvements in cycling behavior and capacity retention can be attained through optimization of the system, including utilization of better electrolytes and surface modifications of the electrodes.
To study the effect of the structure and morphology of the Li 2 S/carbon nanocomposite on resulting electrochemical performance, it is useful to compare data from Li 2 S/CMK-3 mesoporous carbon and Li 2 S/macroporous carbon tested in half-cell configurations. The process of lithiation and battery fabrication is the same for both cases. For the Li 2 S/ macroporous carbon composite, a capacity of 150 mAh g -1 is obtained ( Figures S3 and S4 in the Supporting Information). The initial charging voltage is higher than in Li 2 S/CMK-3 half-cells, suggesting a larger overpotential. The lower capacity and higher overpotential of Li 2 S/macroporous carbon indicates the importance of the size, morphology, and structure of porous carbon on the corresponding electrochemical performance of the composite. Small pore size with strong confinement is important for minimizing charge transport distances and thus achieving good performance.
Since the key purpose of incorporating Li 2 S instead of sulfur as the active cathode material is to avoid using potentially unsafe lithium metal anodes, full cells with silicon nanowire anodes were fabricated. This full cell configuration can also demonstrate that the source of lithium during ). The inset in (e) is a plot of the first discharge specific capacity of full cells operating at various current rates. charge and discharge is the Li 2 S cathode since there is no other lithium in the cell. In contrast, the source of lithium in the Li 2 S/Li half-cells is unclear since a lithium foil counter electrode is present. As the first step, silicon nanowire electrodes were characterized and tested in a half-cell configuration with lithium foil counter electrodes and the same electrolyte utilized in the Li 2 S/Li half-cells; the capacity reached ∼3000 mAh g -1 with moderate cycle life ( Figure S5 in the Supporting Information). Next, fresh silicon nanowire anodes prepared under identical conditions were assembled together with Li 2 S/CMK-3 cathodes for full cell electrochemical tests. Figure 4c shows the voltage profiles of the first, second, and tenth charge and discharge cycles for a Li 2 S/Si battery at a rate of C/3, which corresponds to 389 mA g ), the initial capacity remains similar (394 mAh g -1 , Figure 4e ). The corresponding current density per unit area for a rate of 1C is about 1.5 mA cm -2 , which is more than 20 times greater than the current density in previous reports. 21, 22 The discharge capacity can be further enhanced by lowering the discharge current. At C/8 (146 mA g -1 ), the first discharge capacity increases to 482 mAh g -1 (Figure 4e ), which results in an initial specific energy of 630 Wh kg -1 for the full cell considering active materials only. If the masses of all electrode additives (CMK-3, PVDF, Super P conductive carbon) are considered, the initial specific energy is calculated to be 349 Wh kg -1 , which is similar to that of commercial Li-ion batteries (335 Wh kg -1 ). With further optimization of this battery, however, we project that the specific energy could reach ∼600 Wh kg -1 considering the total electrode mass (see Supporting Information for calculation details). It should be noted that since a 1C current rate for Li 2 S is about six to eight times that of layered oxides and phosphates (140-200 mA g -1 ), a rate of C/8 for a Li 2 Sbased cathode would provide adequate power for many applications.
From comparison of Figure 4 panels b and d, the specific capacity of the Li 2 S/Si full cell decays faster than the specific capacity of the Li 2 S/Li half-cell. This could be caused by the following factors: (1) In full cells, there is a limited supply of Li ions, which can be irreversibly lost in side reactions. In half-cells, Li ions that would be lost in a full cell configuration can be replenished by the Li metal counter electrode, which is a virtually unlimited source of Li ions. ( 2) The voltage of each electrode is not separately controlled in full cells. The deep discharge or overcharge of Li 2 S or silicon is detrimental to cycling performance, and this might occur during cycling since we only control the voltage of the full cell. Although the capacity decay from the first to the 20th cycle from our proof-of-concept Li 2 S/Si battery is better or comparable to many other reports on Li 2 S or sulfur-lithium batteries, 22, 23, 27, [30] [31] [32] [33] more research is required to overcome these issues and compete with well-developed Li-ion battery systems. In addition to these concerns, the volumetric energy density of our current cell is not as high as the LiCoO 2 / graphite system, even though the theoretical volumetric energy density of the Li 2 S/Si system is about twice that of the LiCoO 2 /graphite system (See Table S3 in the Supporting Information).
In summary, we demonstrate a new type of rechargeable Li-ion battery containing Li 2 S and silicon as the active materials in the cathode and anode, respectively. Li 2 S is made electrochemically active by incorporating it within the pores of CMK-3 mesoporous carbon in the cathode. Silicon nanowire anodes are demonstrated to be ideal for this battery system due to their high capacity, low reaction potential, and moderate cycle life. The theoretical specific energy of this new battery is four times that of state-of-theart battery technology, and cells with 70% higher first discharge specific energy than the commercial LiCoO 2 / graphite system have been fabricated. Additionally, this new battery system avoids the intrinsic safety issues associated with the use of lithium metal in previous lithium/sulfur batteries. The development of this novel battery system will have a significant impact on applications that require high specific energy, such as batteries for electric vehicles and portable electronics.
